Planar Guinier-Preston zones (GP-zones) parallel to a basal plane of an Mg hexagonal lattice are found together with 0 and 1 precipitates, which have been found in Mg-Gd alloys, in an Mg-2 at%Gd-1 at%Zn (Mg 97 Gd 2 Zn 1 ) alloy aged at 200 C for 150 hrs. From the combination of high-resolution transmission electron microscopy (HRTEM) and high-angle annular detector dark field scanning transmission electron microscopy (HAADF-STEM), we can determine the structure of the GP-zone, in which Gd and/or Zn atoms occupy at ordered positions in two close-packed planes sandwiching a close-packed plane of Mg atoms.
Introduction
Magnesium-based alloys containing rare earth elements have been paid much attention, because of showing remarkable precipitation hardening by aging of supersaturated solid solution of these alloys at low temperatures of about 200 C. In particular, Mg alloys containing Gd are one of promising materials for high strength and high creep resistant alloys. 1, 2) Recently, structural changes of precipitates have been studied for an aged Mg-5 at% Gd alloy in detail by the combination of HRTEM and HAADF-STEM. 3, 4) A short-range ordered structure at the early stage of aging and a new crystal structure of Mg 7 Gd for 0 precipitates at peak aging have been proposed.
The addition of Zn to the Mg-Gd alloys brings about the coherent precipitation of a 14H-type long period stacking (LPS) phase in the Mg-matrix at temperatures greater than 623 K.
5) The appearance of the LPS phase produces excellent mechanical properties, especially, at high temperatures. 6, 7) Furthermore, the Mg-Gd-Zn alloy shows different precipitation sequences by aging at high and low temperatures. High temperature aging above 350 C leads to strengthening of the Mg-Gd-Zn alloys due to precipitation of the 14H-type LPS phase, and low temperature aging below 250 C may bring about coherent 0 phase precipitation in the Mg matrix, resulting in an increase in strength of the alloys. 8) In the course of the investigation of microstructures in an Mg 97 Gd 2 Zn 1 (at%) alloy aged at 200 C, we have found GPzones being coexistent with the 0 and 1 precipitates that have been found in Mg-RE alloys. [9] [10] [11] This study is to determine the structure of the GP-zones by the combination of HRTEM and HAADF-STEM. In particular, HAADF-STEM has been shown to be a powerful tool for the investigation of fine phases precipitated coherently to the matrix and for direct observations of heavy atoms segregated from solid solutions. 3, 4, 12, 13) 
Experimental Procedures
An alloy with a nominal composition of Mg 97 Gd 2 Zn 1 was prepared by melting Mg (99.9%), Y (99.9%) and Zn (99.9%) metals by high frequency induction heating under an Ar gas in a carbon crucible. The alloy was homogenized at 520 C for 2 hrs and then quenched in water, and then was aged at 200 C for 150 hrs. TEM specimens were cut from the alloy, and thinned by mechanical polishing and finally by ion-milling. TEM and HRTEM observations were performed by a 400 kV electron microscope (JEM-4000EX) with a resolution of 0.17 nm, and HAADF-STEM images were taken by a 300 kV electron microscope (JEM-3000F) equipped with a field emission gun in the scanning transmission electron microscope mode. In HAADF-STEM observations, a beam probe with a half width of about 0.2 nm was scanned on samples. reflections in Fig. 1(b) , and that the streak reflections in Fig. 1(b) have a rod shape. Figure 2 shows HRTEM images of the Mg 97 Gd 2 Zn 1 , taken with the incident beam parallel to the ½001 m direction of the hexagonal Mg-matrix. In Fig. 2(a) , the 0 precipitates with an orthorhombic structure of Mg 7 Gd are observed with lattice fringes of an interval of b=2 ¼ 1:1 nm, 3) and dark regions at junctions between the 0 precipitates correspond to 1 precipitates. An enlarged HRTEM image of Fig. 2(b) shows that the 1 phase has an Mg 3 Gd cubic structure with a lattice parameter of a ¼ 0:731 nm. The structures of the 0 and 1 precipitates are the same as those in Mg-RE alloys.
Experimental Results

11)
Despite the close examination of Fig. 1(b) , however, precipitates producing the extra reflections in Fig. 1(a) can not be recognized.
Figures 3(a) and 3(b) shows a TEM and an HRTEM images of the Mg 97 Gd 2 Zn 1 alloy, respectively, taken with the incident beam parallel to the ½1 1 10 m direction of the hexagonal Mg-matrix. Planar faults producing the streak reflections in Fig. 1(b) are observed as line contrasts perpendicular to the c-axis in Fig. 3(a) . The line contrasts are GP-zones formed by two close-packed planes with an ordered arrangement of Gd and/or Zn atoms, as will be shown later. On the other hand, the 0 precipitates are observed as blurred bright and dark contrasts in Fig. 3(a) . The HRTEM image of Fig. 3(b) shows that the GP-zones precipitate coherently in the Mg-matrix, and bright and dark dots in the GP-zones show an ordered arrangement with intervals of 2d 002 and 3d 110 spacings of a hexagonal lattice of the Mg-matrix. 1 10 m and ½001 m directions of the Mg-matrix, respectively. In Fig. 4(a) , dumbbells of bright dots with an interval of about 0.5 nm are periodically arranged with an interval of about 0.5 nm along the GP-zones. It is reasonably considered that these intervals correspond to those of 2d 002 ¼ c 0 ¼ 0:52 nm and 3d 110 ¼ 3a 0 =2 ¼ 0:48 nm (a 0 and c 0 : lattice parameters of the hexagonal Mg-matrix), respectively, as shown in Fig. 3(b) , and that the bright dots represent Gd and/or Zn atoms projected along the ½1 1 10 m direction. As can be seen the upper two GP-zones in Fig. 4(a) , two or three GP-zones arranged with an interval of 4c 0 have been frequently observed. On the other hand, the image of Fig. 4(b) shows a hexagonal arrangement of weak bright dots, with an interval of about 0.6 nm. The weak contrast in Fig. 4(b) is due to the projection of only two layers of Gd and/or Zn atoms of the GP-zone embedded in about 100 atomic layers of the Mg-matrix. That is, the result demonstrates that HAADF-STEM makes it possible to observe an image contrast of two layers of Gd and/or Zn atoms embedded in the Mg-matrix with a few tens nm in thickness. Although many GP-zones embedded in the Mgmatrix produce the 1/3 1/3 0-typed extra spots in Fig. 1(a) , it is impossible to form the image contrast of the GP-zone in the HRTEM observation, as seen in Fig. 2 .
From the images of Fig. 3(b) , 4(a) and 4(b), we can directly derive a structural model of the GP-zone, as shown in Fig. 5 . In the model, Gd and/or Zn atoms occupy at ordered positions in two close-packed planes sandwiching a close- 1 10 m and ½001 m directions, respectively. The atomic arrangement of the GP-zone is similar to that of plate-like precipitates found in Mg-2.4 mass%RE-0.4 mass%Zn-0.6 mass%Zr alloys, 14) and also can be seen in the crystal structure of a precipitate phase in rapidly solidified Mg-2 at%Ce-1 at%Zn and Mg-2 at%Ce alloys. 15) Recently, a planar fault, which have an ACA stacking sequence of Gd-and Zn-enriched close-packed planes, in an ABAB stacking sequence of the hexagonal Mg-matrix, has been proposed in Mg-1 at%Gd-0.4 at%Zn-0.17 at%Zr alloys aged at 200 C and 250 C. 16) In order to examine a stacking sequence of close-packed planes in the GP-zone found in the present work, HRTEM images were taken with the incident beam parallel to the ½100 m direction of the Mg-matrix. In observed HRTEM images, weak contrasts corresponding to GP-zones are observed in addition of intrinsic stacking faults with stacking sequences of BABA " CACA and ABAB " CA-CA (": stacking fault) in an ABAB sequence of the hexagonal Mg-matrix. An HRTEM image of a GP-zone in Fig. 6 clearly shows that the GP-zone has an ABAB stacking sequence, which is the same as that of the Mg-matrix, and has no strain field at the termination indicated by a black arrow. It should be mentioned here that the stacking faults producing a stacking sequence of ABA " CA " BA, which is proposed for the planer faults in Mg-1 at%Gd-0.4 at%Zn-0.17 at%Zr alloys, 16) have not been found in the present HRTEM observations. The Structure of Guinier-Preston Zones in an Mg-2 at%Gd-1 at%Zn Alloy Studied by Transmission Electron Microscopy
